Increasingly raised concerns (nanotoxicity, clinical translation, etc) on 31 nanotechnology require breakthroughs in structure-activity relationship (SAR) 32 analyses of engineered nanomaterials (ENMs) at nano-bio interfaces. However, 33 current nano-SAR assessments failed to disclosure sufficient information to 34 understand ENM-induced bio-effects. Here we developed a multi-hierarchical 35 nano-SAR assessment for a representative ENM, Fe 2 O 3 by systematically examining 36 cellular metabolite and protein changes. This nano-SAR profile allows visualizing the 37 contributions of 7 basal properties of Fe 2 O 3 to their diverse bio-effects. For instance, 38 while surface reactivity is responsible for Fe 2 O 3 -induced cell migration, the 39 inflammatory effects of Fe 2 O 3 nanorods and nanoplates are determined by their aspect 40 ratio and surface reactivity, respectively. We further discovered the detailed 41 mechanisms, including NLRP3 inflammasome pathway and monocyte 42 chemoattractant protein-1 involved signaling. Both effects were further validated in 43 animal lungs. Our findings provide substantial new insights at nano-bio interfaces, 44 which may facilitate the tailored design of ENMs to endow them with desired 45 bio-effects.
The hydrodynamic sizes in RPMI medium were assessed by dynamic light scattering 136 (DLS), showing ranges from 170 to 380 nm for plates and 420-540 nm for rods (Table   137 1). The surface charges of Fe 2 O 3 particles were determined by a Zeta potential 138 analyzer (ZPA), and showed very similar Zeta potential values of 0 to -10 mV in cell 139 culture media, which reflects the formation of protein corona on particle surface. Zeta potential (nm) ZPA -7.9 ± 0.8 -3.6 ± 0.6 -5.1 ± 0.4 -3.7 ± 0.7 -6.5 ± 0.7 -10.7 ± 1.6 -8.5 ± 0.6 -5. We used the 2',7'-dichlorofluorescein (DCF) assay to investigate the surface reactivity 144 of Fe 2 O 3 nanoparticles. The DCF assay is based on a mechanism that nonfluorescent 145 2',7'-dichlorodihydrofluorescein (H 2 DCF) could be converted to the highly fluorescent 146 DCF by oxidation. This assay has been widely used to access the radicals or abiotic nanoparticles have been demonstrated to exhibit high surface reactivity in DCF assay 149 and were used as a positive control 26 . As shown in Figure 1B , Fe 2 O 3 nanoplates are 150 more reactive than nanorods, and P3 exhibits the highest surface oxidative capability.
151
These differences in surface reactivity may results from their crystal facets. XRD 152 analysis shows that (104) is the dominant facet in Fe 2 O 3 nanoplates as compared to 153 (110) as the strongest peak for the nanorods (Figure S1 ). This is consistent with 154 several earlier studies showing that (104) 
EDs between Fe 2 O 3 -treated and control samples
Metabolite profiling image determined by KEGG and UniprotKB database (right panel). The percentages of the differential 211 proteins involved in each specific bio-effects of Fe 2 O 3 were shown in the pie chart. C) Regression 212 analysis between differential proteins and metabolites. The regression analysis of the differential 213 proteins and metabolites was performed in Matlab R2009b. The correlation is considered as 214 217 Proteins, as a major executor of signaling pathways in biological organisms are 218 involved in many cellular effects. The bio-effects of Fe 2 O 3 nanoparticles in cells could 219 be determined by identification of the proteome changes. Since the metabolomics 220 profile suggests that R4 and P1 are the most bio-active and bio-inert materials, 221 respectively, they were selected and exposed to THP-1 cells for proteomics analysis.
Discovery of the bio-effects of Fe 2 O 3 particles by proteomics

222
The protein expression was analyzed by a nanoscale liquid chromatography coupled 223 to tandem mass spectrometry (nano LC-MS/MS) as described in the experimental 224 section, and 785 proteins were identified for statistical analysis. Figure 2B ). Regression analysis was used to explore the relationships 237 between the changed proteins and the metabolites. As shown in Figure 2C Figure 3 ). While the zeta potential of Fe 2 O 3 nanoplates has some effects 248 on cell proliferations with coefficient r 2 value at 0.64, surface reactivity is the 249 dominant property that impacts other 5 bio-effects as well as global cellular changes.
250
For Fe 2 O 3 nanorods, surface reactivity is responsible for the disruption of cell 251 migration (r 2 =0.88) and protein biosynthesis (r 2 =0.99); particle length significantly 252 affects the energy and lipid metabolism processes; AR plays a major role in 253 inflammation and cell proliferation. These results suggest that there is one dominant 254 property that best correlates with a specific bio-effect. This is the first time that we 255 determined the contributions of 7 basal physicochemical properties of ENMs to their 256 diverse bio-effects by plotting a nano-SAR profile at multi-hierarchical levels. A) IL-1β production in THP-1 cells exposed to 0-100 μg/mL Fe 2 O 3 nanoparticles for 48 h. *p< 295 0.05 compared to P1，P2 and P4, #p< 0.05 compared to other particles (two-tailed Student's t-test). 296
After 48 h incubation of THP-1 cells with Fe 2 O 3 particles, the supernatants were collected to 297 quantify cytokine productions by ELISA. B) TEM and confocal microscopy imaging of 298 internalized Fe 2 O 3 nanoparticles. THP-1 cells exposed to pristine or FITC-labeled Fe 2 O 3 299 nanoparticles were washed, fixed and stained for TEM or confocal microscopy imaging. Hoechst 300 33342 dye (blue) and Alexa fluor 594 labeld antibodies (red) were used to identify nuclei and 301 lysosomes, respectively. C) comparison of IL-1β production in Wild-type, NALP3 -/-, and ASC -/-302 THP-1 cells exposed to Fe 2 O 3 nanoparticles, ***p< 0.001 compared to particle-treated Wild-type 303 cells (two-tailed Student's t-test). Data in the line and bar graphs are shown as mean ± s.d. from 4 304 independent replicates. D) schematic to explain the inflammatory mechanism. 305 306 In order to understand the detailed mechanisms involved in Fe 2 O 3 -induced 307 inflammatory effect, we further treated THP-1 cells with cytochalasin D, a 308 cytoskeletal inhibitor of endocytosis, before exposure to the Fe 2 O 3 particles. All cells 309 treated with cytochalasin D showed a decrease in IL-1β release, suggesting that 310 cellular uptake is essential in generating the inflammatory effect ( Figure S6 ).
311
Confocal microscopy was used to study the cellular uptake of fluorescein Based on the mechanism study, we for the first time deciphered the inflammatory 342 pathway of Fe 2 O 3 in THP-1 cells. As shown in Figure 4D 
Validation of the inflammatory effects of Fe 2 O 3 nanoparticles in mouse lungs
387
In order to further testify the nano-SAR of cellular inflammatory effects induced by 388 Fe 2 O 3 particles, we used an acute lung injury model to study the effect of 389 oropharyngeal instilled nanoparticles in the whole lung. This study was performed 390 with a particle dose of 2 mg/kg, which has been previously demonstrated to fall on the 391 linear part of the dose-response curve for pulmonary exposure to metal oxide 392 nanoparticles 26, 37 . After 40 h exposure, the animals were sacrificed to collect 393 bronchoalveolar lavage fluid (BALF) and lung tissues. The cytokine release in BALF 394 was determined by ELISA. As shown in Figure 6A In this study, we pioneered a multi-hierarchical nano-SAR assessment by 427 simultaneously examining ENM-induced metabolite and protein changes in cells.
428
Unlike traditional method that could only explore the nano-SAR between a specific 
Nontargeted metabolomics via LC-MS
525
THP-1 cells were exposed to 100 μg/mL Fe 2 O 3 nanoparticles for 24 h, and 9 cell 526 samples including control and particle treatments were harvested and lyzed in cold 527 lysis buffer (1.5 mL) by a probe sonication. After centrifugation at 20, 000 g for 10 min, the lysis supernatants were collected and extracted by 80% methanol containing 529 0.5mM L-Methionine-(methyl-13C,d3) and 1mM D-Glucose-1,2,3,4,5,6,6-d7 as 530 internal standards. Dried metabolite pellets were re-suspended in 120 μL of buffer A 531 (0.1% formic acid in 95:5 water/ACN) and 5 μL aliquots were injected for 532 nontargeted LC-MS on a Shimadzu UFLC-XR system (Shimadzu Corporation, Japan) 533 and an AB SCIEX TripleTOF 5600+ system (AB SCIEX, Foster City, CA). Samples 534 were separated on a C18 reversed phase HPLC column (2.1mm × 100mm, 100Å, To acquire the MS data, the mass spectrometry conditions were set as follows: the ion 542 spray voltage was +5.5kV (positive ion mode) or -4.5kV (negative ion mode); turbo 543 spray temperature was 550 °C ; nebulizer, heater and curtain gases were at 50, 50 and dissimilarity of samples with multivariate variables 29 . Here, the ED between control 559 and nanoparticle-treated samples is defined by the length between the two cluster 560 centers.
It was calculated by SPSS using following 561 formula: ED(C, T) = √( 1 − 1) 2 + ( 2 − 2) 2 + ⋯ + ( − ) 2 , where tn and cn 562 are the log-transformed normalized peak intensities of metabolite n in 563 nanoparticle-treated sample and control sample, respectively (n=2854). The resulted raw files were searched in MaxQuant (Version1.3.0.5) using Integrated Uniprot protein fasta database of human. Peptide searching was constrained using 588 fully tryptic cleavage, allowing less than 2 missed cleavages sites for tryptic digestion.
589
Variable modifications included methionine oxidation, acetylation of protein N-term 590 and phosphorylation (STY). Precursor ion and fragment ion mass tolerances were set 591 as 5 ppm and 0.08 Da, respectively. The false discovery rate (FDR) for peptide and 592 protein were less than 1% and peptide identification required a minimum length of six 593 amino acids. The cell pathways and functions related to the identified differential 28 / 32 available from the corresponding author on reasonable request. 678 679
